Abstract: Na
Introduction

Na
+ /H + exchangers (NHEs) are ubiquitous integral membrane ion transporters and mediate the electroneutral exchange of H + with Na + or K + to regulate pH [1] , osmolarity, cell volume and cell proliferation [2] during physiological as well as pathophysiological conditions. Nine mammalian NHE isoforms (NHE-1-9) have been identified so far, and these are categorized into two types: plasma membrane NHEs (NHE-1-5) and organellar NHEs (NHE-6-9). The major role of NHE-1 has been described in pathologies of heart as its activation is involved in the development of cardiac hypertrophy, heart failure and ischemia-reperfusion injury [3, 4] , and inhibition of NHE-1 is shown to attenuate cardiovascular diseases [5] [6] [7] . Since both heart and brain are prone to ischemiainduced injury, the role of NHEs in brain pathologies, particularly in cerebral ischemia, has also been investigated. The majority of studies have suggested that the activation of NHE-1 is associated with development of mental disorders like epilepsy, Alzheimer disease (AD), stroke and neuropathic pain, and accordingly, its pharmacological inhibition has been shown to exert beneficial effects in the different brain diseases [8, 9] . The recent studies have shown that mutations in organellar NHEs lead to development of several neurological diseases and mental disorders probably due to NHE malfunctioning-induced defects in intracellular trafficking [10] . The mutation of NHE-6 proteins (deletion of Glu255 and Ser256 amino acid residues in its transmembrane segment) has been associated with development of Angelman syndromelike X-linked mental retardation, characterized by mental retardation, microcephaly, seizures, ataxia and absence of speech [11] . The mutations in NHE 9 isoform have also been associated with development of neurological disorders such as family-based autisms [12] and attention deficient hyperactivity disorder [13] . The present review discusses the pathophysiological role of different NHE isoforms, particularly NHE-1, in the development of various brain diseases.
NHE subtypes and localization in brain
The studies from the rodent brains have revealed that NHE-1 is the most abundant and widely dispersed isoform, whereas other family members (i.e., NHE-2-4) show a more restricted distribution [14] . Functionally, NHE-1 has received more attention due to its high abundance in the brain as compared to other isoforms. In the brain, its role in microglial and astrocyte activation and subsequently in abnormal neuronal functioning has been very well documented. The importance of NHE-1 in neuronal function has been demonstrated by employing transgenic NHE-1 knock out or spontaneously mutated mice, which develop neurodegeneration, ataxia, epileptic-like seizures and significant mortality [15, 16] . NHE-1 is the major isoform present in the brain, predominantly in the hippocampus and cortex regions [17] , and at the cellular levels, these are highly expressed on the astrocytes and glial cells [18] . NHE-2 and NHE-3 are predominantly located in the apical membrane of the epithelia and are highly expressed in the kidney and intestine [19, 20] . Within the brain, NHE-3 isoform has been detected only in cerebellar Purkinje cells [14] . Their targeted disruptions in mice have not shown neurodegenerative or other neurological symptoms suggesting their lesser significant role in the nervous system functioning as compared to other isoforms [21, 22] . NHE-4 is the most abundant isoform in the stomach. However, it is also expressed in other organs including the intestine, kidney, brain, uterus and skeletal muscles [19] . NHE-5 is predominantly expressed in discrete regions of the brain, including the dentate gyrus, cerebral cortex and hippocampus [23, 24] . NHE-6 expression is highest in the heart, brain and skeletal muscles and is localized to early recycling endosomes [23, 25, 26] . The location and role of NHE-7 and NHE-8 isoforms in the brain has not been reported yet; however, very high expression of NHE-8 is demonstrated in the skeletal muscles and kidney. The more recently identified NHE-9 isoform is localized on late recycling endosomes [25] and also detected in the brain [12] .
The role of organellar NHE isoforms in maintaining the optimum pH in the lumen of recycling endosomes for proper apical membrane recycling and maintenance of cell polarity has been described [26] . The four organellar NHE isoforms, 6 and 9 isoforms show a comparable localization in sorting/recycling endosomes, whereas 7 and 8 isoforms are mainly localized on the trans-Golgi network and mid/trans-Golgi stacks, respectively [25, 27] concentration (∼140 mM) as compared to Na + (∼10 mM). Structurally, all mammalian NHEs possess 12 transmembrane helices in their N-termini that constitute the ion translocation domain, while the cytoplasmic hydrophilic C-terminus plays an important role in the binding to various regulatory proteins [30] . As compared to the C-terminal cytoplasmic tail, the amino acid sequences of the N-terminal transmembrane segments (which directly mediate the trans-membrane crossing of ions) are similar in plasma membrane and organellar NHEs suggesting that the actual mechanism of ion translocation in both NHE families is similar.
NHE and brain disorders Dementia
AD is a progressive neurodegenerative disorder and is the most common form of dementia which is characterized by β-amyloid protein deposits (plaques) in brain. Its pathophysiology primarily involves the brain, but some studies have also revealed its systemic manifestations like an altered lymphoblast activity in AD patients [31] . Abnormal functioning of NHEs in the brain is found to be associated with AD pathology. Urcelay and coworkers correlated abnormal lymphoblast proliferation in AD patients with NHE and altered pH homeostasis. The lymphoblasts in AD patients showed higher rates of proliferation in response to serum-derived growth factors (cell activating agents) as compared to normal individuals. However, the increased lymphoblast proliferation and accompanied intracellular alkalization was prevented in the presence of NHE inhibitors suggesting a key role of this exchanger in eliciting the abnormal cellular responses in lymphocytes of AD patients. Moreover, calmodulin inhibition with calmidazolium or W-7 also exhibited the similar response in lymphoblast proliferation like NHE inhibitors [32] . The other studies have also suggested that calmodulin may activate NHE-1 through Ca 2+ -calmodulin-depentent kinases mediated phosphorylation of the anti-porter [33] . The cytosolic tail of NHE-1 contains the binding domains for calmodulin, and thus, Ca 2+ /calmodulin may directly bind to this anti-porter to promote its activation. Accordingly, it has been hypothesized that Ca 2+ /calmodulinmediated NHE-1 activation may contribute significantly in abnormal lymphoblast proliferation in AD proliferation.
Apart from NHE-1, the role of other isoforms including NHE-4 and NHE-5 has been shown in neuronal excitation and long-term potentiation (LTP). Treatment of ethyl-isopropyl amiloride (EIPA), a non-selective NHE blocker, has been shown to modulate neuronal plasticity and LTP in the hippocampal slices isolated from the young (8 weeks) and senescent (30 months) rat with respect to tetanic stimuli, and it was suggested that NHE activity serves as a negative feedback mechanism to control neuronal excitability and plasticity in both young and senescent animals [34] . Along with NHE-1, NHE-4 and NHE-5 are the predominant isoforms in hippocampal neurons [14] . Therefore, these effects of a non-selective NHE blocker have been attributed to inhibition of all the three isoforms [34] . An involvement of organellar NHE-6 isoform in abnormal expression and deposition of tau leading to taupathy and, consequently, AD has also been suggested. The wild-type 'solute carrier family 9 isoform A6' (SLC9A6) gene encodes for NHE-6, which is localized on endosomal vesicles and participates in targeting intracellular vesicles and recycling synaptic vesicles. Neuropathologically, the X-linked in-frame 9 base pair deletion in SLC9A6 gene causes abnormal tau deposition in the hippocampal CA4 region, cerebellar cortex, substantia nigra, putamen, globus pallidus and dentate nucleus of the cerebellum leading to neuronal loss and gliosis as observed in various forms of taupathies [35] . Tau-positive inclusions are the defining neuro-pathological characteristics of a number of adultonset neurodegenerative disorders including AD [36, 37] . Tau phosphoproteins play an important role in axonal transport and in maintaining axonal integrity by promoting their assembly and stability [37, 38] . The abnormal tau deposition in family's syndrome due to SLC9A6 mutation demonstrates that NHE and cytoskeletal elements interact with each other to maintain the axonal and vesicular transport, and disturbance in these interactions (due to NHE mutation) may disrupt the membrane transport system leading to development of taupathies and AD [35] .
The human immunodeficiency virus (HIV)-associated cognitive impairment and AIDS-associated dementia is very common and afflicts over 50% of patients. Benos and coworkers linked gp-120 (core protein part of HIV) and cytokines-induced astrocyte proliferation with activation of NHE localized on astrocytes [39] . The elevation in IL-1, IL-6, IFN-γ, TNF-α and transforming growth factor-β ( TGF-β) levels in the cerebrospinal fluid and the brains of AIDS patients is very well documented [40] . It is demonstrated that the elevated levels of cytokines during HIV infection such as TNF-α, interferon (IFN)-gamma and interleukin (IL)-lβ (but not TGF, IL-2 and IL-6) stimulate the NHE. Furthermore, IFN-γ and gp-120-induced NHEs activation and astrocyte proliferation is ameliorated in the presence of tyrosine kinase inhibitors (herbimycin A and genistein) suggesting that increased levels of cytokines during HIV infection activates astrocyte-located NHE in a tyrosine kinase-dependent manner. It has been proposed that gp120 or cytokines-induced NHE activation with resultant increase in intracellular pH may change the membrane permeability properties of the astrocytes to imbalance the K + and glutamate microenvironment of the neurons. It may eventually raise the intra-neuronal Ca 2+ leading to neuronal dysfunction/damage and dementia [39] . This hypothesis was supported by Holden and coworkers by demonstrating that the pressure application of recombinant gp120 on to cultured human fetal neurons and astrocytes results in a significant increase in intracellular calcium levels, and treatment with non-selective NHE blocker 5-(N-methyl-N-isobutyl)-amiloride significantly attenuated gp 120-mediated increase in intracellular calcium in the neurons and astrocytes. It suggests that the gp 120 may trigger the activation of these exchangers on the neurons to raise intracellular calcium ion and produce neurodegeneration along with dementia [41] . Ali and coworkers demonstrated the memory-improving actions of amiloride in mice model of epilepsy [42] . Recently, administration of selective and potent NHE-1 inhibitor, HOE-642, in P9 mice has been shown to attenuate ischemia-induced neurodegeneration and improve spatial learning [9] (Figure 1 ).
Epilepsy
The role of NHEs has also been investigated in modulating the electrical properties of neurons and seizure activity in various in vitro as well as in vivo models. The functional defects in NHEs alter the neuronal excitatory properties leading to their over-excitation and CNS diseases like epilepsy. It has been shown that the genetic modification of the NHE-1 gene in mice (NHE null mutant mice) produces non-functional NHE-1, which leads to development of epileptic seizures, ataxia, decreased growth and high mortality within the age of 2-3 weeks [16] . It suggests the functional role of NHE-1 during embryogenesis as its non-functionality is associated with decreased growth rate and development of epilepsy. Gu and coworkers reported the higher neuronal excitability of hippocampal CA1 neurons in NHE-1 null mutant mice. Furthermore, the electrophysiological studies revealed the elevation in Na + current density in these NHE-1 mutants as compared to corresponding wild type suggesting that functional loss of NHE-1 increases the Na + current density, which may be responsible for abnormal neuronal excitation and epilepsy [43] . Using neurophysiological, autoradiographic and immunoblotting techniques, Xia and coworkers demonstrated increased Na + -channel density, Na + current and membrane excitability in both CA1 and cortical neurons in NHE-1 null mice [17] . Accordingly, it has been proposed that endogenous NHEs regulate Na + channels in different brain areas including the hippocampus and cortex to control the neuronal excitability, and its non-functioning may be associated with abnormal neuronal excitability leading to development of epilepsy. The development of excessive neuronal excitability and seizure development in NHE-1 null mice may also be attributed to decreased inhibitory GABA neurotransmission due to non-functional NHE in the brain. Jang and coworkers provided the evidence that NHE is a major pH regulator in GABAergic presynaptic nerve terminals synapsing onto CA3 pyramidal neurons [44] . The acidification of presynaptic terminals increased the frequency of GABAergic miniature inhibitory postsynaptic currents (mIPSCs) from the depolarized presynaptic terminals and EIPA abolished acidification-induced inhibitory GABA tone. The studies have shown that neuronal NHE expression for most isoforms is greatest in inhibitory neurons [44, 45] . Dietrich and Morad further provided the evidence that GABAergic synapses onto cultured rat cerebellar granule cells are acidified by proton extrusion via NHE, which leads to enhancement of mIPSCs. The inhibition of NHE by amiloride was shown to reduce mIPSCs in a manner similar to alkalization. Based on these, it has been postulated that development of seizures (increased neuronal excitation) due to NHE dysfunction may be secondary to reduced inhibitory GABAergic neurotransmission [46] . Conversely, overexpression of NHE may lead to enhanced inhibition resulting in decreased respiratory drive in rabbits [47] and sudden infant death syndrome in clinics [48] .
On the contrary, the role of NHE activation in epileptogenesis in different animal models of epilepsy has also been documented. Ali and coworkers demonstrated the anticonvulsant effect of amiloride in electroshock and pentylenetetrazole (PTZ)-induced seizures in mice in terms of increase in seizure threshold in a dose-dependent manner [49] . The same group of workers also demonstrated that administration of amiloride (2 h before PTZ, in doses of 0.65 and 1.3 mg/kg, p.o.) significantly prolongs the onset of kindling and reduces the incidence and severity of seizures in PTZ (25 mg/kg, i.p., once every 2 days for 5 weeks)-induced kindling model in mice in a dose-dependent manner. The anticonvulsant effects of amiloride (1.3 mg/kg) were comparable to diazepam (3 mg/kg) and observable even after 15 or 30 days of last treatment [49] . The anticonvulsant effects of amiloride or cariporide have been related indirectly to inhibition of the glutamatergic system and decrease in intracellular calcium overload via intracellular acidification [50] [51] [52] [53] [54] [55] . The mutation in NHE gene results in abnormal tau protein deposition in brain which participates in AD, whereas its activation leads to astrocyte and microglia activation to alter the lymphoblast activity which ultimately results in AD through Ca 2+ overload mediated neuronal dysfunctions.
Furthermore, the acidification of neurons is very well documented to decrease the epileptiform discharge [55, 56] , and accordingly, the NHE inhibition-induced intracellular acidification may also directly inhibit the neuronal excitability and decrease seizure threshold and frequency. The other studies have also shown that NHE inhibitioninduced acidification is a critical factor in inhibiting the neuronal excitability in CA3 neurons [57, 58] .
The epileptogenic modulatory effects in NHE knockout mice are directly comparable to its pharmacological inhibition in various epilepsy models. The possible contradiction may be explained on the basis of differential function of NHEs under different cellular conditions. The non-functioning of NHE in mutant mice may cause alteration of physiological homeostasis in the neurons to induce secondary changes in the ion channel density and expression, especially Na + channels, which ultimately leads to hyper-excitation of neurons and associated epileptic seizures. On the other hand, during pathological state, the role of NHE activation in generating epilepsy has been attributed directly to pH-mediated increase in neuronal excitability or indirectly to NHE-mediated increase in intracellular Na + , reversal of Na + /Ca 2+ exchange function, intracellular Ca 2+ overload and enhanced glutamate release. Furthermore, the pharmacological inhibition of NHE is also shown to produce biphasic effects on the membrane excitability of the CA3 hippocampal neurons. The application of NHE inhibitor amiloride or cariporide initially increases the frequency of action potential and burst followed by progressive suppression in bicuculline and other excitatory agents-induced neuronal epileptiform burst activity. However, the more quick and complete acidification by inhibiting NHE and other acidregulating ion exchangers produces only the monophasic response, i.e., suppression of the neuronal activity [57, 58] . The variable responses of NHE inhibition may also be a possible contributing factor in contradictory effects regarding epileptogenesis in studies employing NHE-null mice or NHE pharmacological inhibitors. However, more studies are warranted to understand the complexity of physiological and pathophysiological function of NHE in neuronal excitation mediated mental diseases like epilepsy (Figure 2 ).
Cerebral ischemia
Studies have shown that NHE is essential for intracellular pH (pH i ) regulation in both physiological and pathological conditions in the brain [1, 59] . Furthermore, the studies from NHE-1 null mutant mice have revealed that NHE-1 is the major intracellular pH-controlling NHE isoform in the mice cortical astrocytes [53] . NHEs are also present on the blood-brain barrier (BBB) [60] , and about 50% of transcellular transport of sodium from the blood occurs through NHE and sodium channels [61] . Studies have shown an increased NHE activity on the BBB in response to cerebral ischemia [60] , which may participate in increased sodium transport (intracellular Na + overload) leading to edema in cerebral microvascular endothelial cells [62] . Administration of SM-20220 (highly specific NHE inhibitor) has been shown to prevent hypoxia-induced BBB disruption and attenuate post-ischemic hypoperfusion to prevent hypoxic endothelial cell injury [63] . Various preclinical studies have shown the deleterious effects of NHE activation during cerebral ischemiareperfusion, and pharmacological inhibition of these exchangers or genetic knock out of these exchangers is associated with neuroprotective effects [64, 65] . Kendall and coworkers demonstrated that N-methyl-isobutylamiloride (MIA) (NHE inhibitor) reduces brain injury in a model of neonatal hypoxia and ischemia (HI), and its administration 30 min before HI was shown to produce significant neuroprotective effects on the forebrain and the hippocampus [66] . The selective inhibition of NHE-1 using dimethylamiloride has also been associated with attenuation of ischemia-induced cerebral infarct volume in spontaneous hypertensive rats following middle cerebral artery occlusion [67] . In a more recent study, treatment with MIA after severe perinatal asphyxia in piglets (aged < 24 h) has been shown to produce neuroprotective effects [68] .
A recent study has shown a significant rise in NHE-1 immunostaining in the hippocampal CA1 neurons and the reactive astrocytes of mice at 72 h after hypoxia-ischemia [9] . An earlier study has also demonstrated the elevation of NHE-1 expression in reactive astrocytes in CA1 regions of adult gerbil brains after a transient global ischemia. These suggest a point that hippocampal neurons and astrocytes respond to hypoxia-induced intracellular acidosis by upregulating NHE-1 expression and function [9] . Moreover, administration of HOE-642 (cariporide), NHE-1 inhibitor, was shown to exert neuro-protection, prevent neurodegeneration and preserve the morphologic hippocampal structures [9, 69] . IC 50 of HOE-642 for NHE-1 is 0.01 μM; NHE-2, 1.6 μM and NHE-3, 1000 μM, thereby considered as a potent and highly selective NHE-1 inhibitor. The pretreatment of adult gerbils with EIPA is also shown to significantly reduce the extent of CA1 pyramidal neuronal loss at 6 days after global ischemia [70] . The pretreatment of neonatal mice with the nonspecific NHE inhibitor (MIA) 30 min before the induction of hypoxia-ischemia is reported to increase the forebrain tissue survival from 44% to 67% [66] . The in vitro experiments on the cultured microglia have also shown that NHE-1 plays a significant role in activating microglia as inhibition of NHE-1 activity with cariporide (HOE-642) inhibits various deleterious cellular events like pH i elevation, increase in [Na + ] i and [Ca 2+ ] i , production of superoxide anion and cytokines in the microglia following lipopolysaccharide or oxygen and glucose deprivation exposure [71] . Shi and coworkers also demonstrated that the NHE-1 protein is abundantly expressed on the activated microglia and investigated the role of these exchangers in microglial activation following focal cerebral ischemia in mice. Furthermore, inhibition of NHE-1 with HOE-642 or its genetic knockout was shown to significantly attenuate the activation of microglia in the peri-infarct area following 2-7 days ischemia-reperfusion and significantly reduce pro-inflammatory cytokines in ischemic brains [72] .
Cengiz and coworkers reported the conversion of astrocytes into reactive astrogliosis in the hippocampus, which was characterized by upregulation of GFAP and NHE-1 expression in the regions of ipsilateral hippocampus at 72 h after hypoxia. Accordingly, it has been speculated that NHE-1 activity in reactive astrocytes is detrimental to neuronal survival, and HOE-642-mediated neuroprotection is imparted through inhibition of NHE-1 activity in reactive astrocytes and protecting hippocampal neurons by reducing the detrimental effects of reactive astrocytes. It has been hypothesized that reduced NHE-1-mediated Na + influx may increase the driving force for Na + -dependent glutamate transporter and promote glutamate uptake from the synaptic interstitial fluid. The decreased synaptic availability of glutamate may be responsible for neuroprotection observed with NHE inhibitors (discussed below). The decrease in NHE-1 and Na + /Ca 2+ exchange may also prevent Ca 2+ elevation in reactive astrocytes and reduce gliotransmitter release and pro-inflammatory cytokine release [9] . The activation of NHEs present on astrocytes has also been shown to enhance glutamate release [41] , and the deleterious effects of NHE activation during cerebral hypoxia/ischemia may also be due to increased glutamate release [73] and, subsequently, increased calcium overload [65] . Administration of cariporide has also been shown to prevent both glutamate-induced necrotic and apoptotic neuronal cell death accompanied with reduced mitochondrial Ca 2+ and reactive oxygen species production [54] . The studies showing that both NHE inhibitor (SM-20220) and the N-methyl-D-aspartate receptor (NMDA) receptor antagonist (MK-801) attenuate glutamate-induced neuronal death in cultured rat cortical neurons [74] support the hypothesis that the deleterious effects of NHE activation are mediated indirectly through glutamate release. On the other hand, glutamate is also involved in NHE activation in the brain leading to induction of a vicious cycle. Glutamate causes neuronal calcium overload, mitochondrial dysfunction and disruption of ATP synthesis, which in turn increases intracellular pH and activates the NHE. RSK pathway, and p90 RSK activation further contributes to cerebral ischemic damage in part via activation of NHE-1 protein [77] .
On the contrary, Douglas and coworkers have shown the decreased expression of acid-base transporter proteins like NHE and Na + /HCO 3 − cotransporter in response to chronic intermittent hypoxia (CIH) in the mouse brain. The NHE-1 and NHE-3 isoforms protein expression was found to be decreased in all the parts of the CNS especially in the cerebellum and hippocampus, which are more prone to hypoxia-induced damage. The decrease in acid-base protein expression resulting from CIH has been defined as generalized cellular strategy (adaptive cellular response) to decrease the cellular protein synthesis and minimize the expenditure of metabolic energy reserves during hypoxic exposure. However, this down-regulation in acid-extruding capacity also renders the neurons more prone to acidity and to injury during CIH mainly in the cerebellum and hippocampus [78] (Figure 3 ).
Neuropathic pain
Neuropathic pain pathologies have shown the involvement of altered ion homeostasis due to changes in the multiple ion channels and exchangers including NHEs. By employing the immune-histochemical analytical methods, Castañeda-Corral and coworkers revealed the significantly reduced expression of NHE-1 in both ipsilateral and contra-lateral dorsal root ganglia and dorsal horn of the spinal cord of rat in formalin-induced pain model suggesting the active participation of NHEs in the pain processing pathway at both the peripheral and the spinal levels [79] [80] [81] . Administration of partially selective NHE-1 inhibitors such as dimethyl amiloride (DMA), EIPA (0.3-30 μM/rat) and a selective NHE-1 inhibitor zoniporide (0.03-3 μM/rat) was shown to significantly increase formalininduced nociception in a dose-dependent manner during both phases I and II [80] . On the contrary, the report from our own laboratory has shown the ameliorative effects of amiloride (15 mg/kg) administration for 10 consecutive days in chronic constriction-induced (CCI) neuropathic The involvement of NHE activation in cerebral ischemia-induced neuronal injury through increased glutamate and Ca 2+ mediated mitochondrial dysfunction, increased proteases and increased reactive oxygen species production.
pain and vincristine models in terms of axonal degeneration and pain-related behavioral changes. It was also shown to attenuate CCI and vincristine-induced rise in neuronal calcium levels and oxidative stress thereby, suggesting its protective effects secondary to decrease in Ca 2+ overload and oxidative stress [82] .
Conclusions
The role of NHE activation in the development of various pathophysiological diseases of brain such as epileptic seizures, neurodegenerative disorders like AD and cerebral ischemia-induced neuronal injury has been defined. Despite having their significant role in mental abnormalities, their role in mental diseases like depression, anxiety, stress and psychosis is yet to be explored. Although the preclinical reports suggest the importance of NHE inhibitors in improving learning and memory, reducing seizures and protecting ischemia/reperfusion-induced cerebral damage, their clinical relevance in these brain diseases is still under question.
